Visual processing and subsequent action are limited by the effectiveness of eye movement control: where the eyes fixate determines what part of the visual environment is seen in detail. Visual exploration consists of stereotypical sequences of saccadic eye movements which are known to depend upon both external factors, such as visual stimulus features, and internal cognition-related factors, such as attention and memory. However, how these two factors are balanced is unknown. One determinant might be the familiarity or ecological importance of the visual stimulus being explored. Recordings of saccades for human face stimuli revealed that their exploration was subject to strong individual biases for the initial saccade direction: subjects tended to look first to one particular side. We attribute this to internal factors. In contrast, exploration of landscapes, fractals or inverted faces showed no significant direction bias for initial saccades, suggesting more externally driven exploration patterns. Thus the balance between external and internal factors in scene exploration depends on stimulus type. An analysis of saccade latencies suggested that this individual preference for first saccade direction during face exploration leads to higher effectiveness through automation. The findings have implications for the understanding of both normal and abnormal eye movements.
Introduction
Saccadic eye movements are integral to visual perception. They are used to bring objects of interest on to the fovea, the central region of the retina which provides us with the high-resolution images required to read, recognise small objects, or find a friend in a crowd of people. Although we are not necessarily aware of exactly where we look at any given moment, it is the effectiveness of saccadic control which limits human visual performance, and consequently visually-based cognitive tasks.
Saccadic eye movements are not programmed on a one-by-one basis, but consist of programmed sequences, called visual scan paths (Noton & Stark, 1971) . Different (healthy) subjects viewing a given scene will produce remarkably similar scan paths, particularly during the first few seconds of exposure (Antes, 1974; Buswell, 1935; Mackworth & Morandi, 1967; Mannan, Ruddock, & Wooding, 1995) . This implies that there are particular features in images which attract fixations, and therefore induce stereotypical eye movement patterns. Typically, fixations are elicited by areas of high contrast, such as edges (Mannan, Ruddock, & Woodings, 1997) , corners, symmetry (Locher & Nodine, 1987) , and also by more complex forms such as irregular contours (Loftus & Mackworth, 1978; Richards & Kaufman, 1969) .
In addition to such externally driven parameters (Liversedge & Findlay, 2000) , visual scan paths can also depend strongly on internally driven parameters, such as an individualÕs attentional state, intentional state, experience, memory, and the task that has to be performed in relation to the exploration of the visual image (Noton & Stark, 1971; Yarbus, 1967; Zingale & Kowler, 1987) .
It is not yet known how the two parameter typesinternal and external-are combined to determine the final pattern of scan paths. One plausible hypothesis is that the nature of the visual stimulus itself determines the balance between internal and external factors in influencing eye movements. For rarely encountered and ecologically less important stimuli, it would seem sensible to rely upon external, stimulus-specific factors when scanning. In contrast, for very common and ecologically important stimuli, it might be advantageous to pre-programme the visual scanning behaviour employed when exploring them; in other words, the scan paths associated with such stimuli would be mainly internally driven.
The initial saccade is a good candidate for distinguishing between externally driven and internally driven factors. In general, the initial saccade to an image is driven predominantly by external factors: it is most likely to be directed towards the most salient parts of an image, and its latency depends on the complexity of the image (e.g. Parkhurst, Law, & Niebur, 2002) . However, there are also two internal factors which could bias the direction of a first saccade: the first is an attentionrelated factor, which is independent of the nature of the visual stimulus. The second is a factor related to the stimulus type and its frequency and ecological importance.
The attention-related factor derives from the fact that scan paths depend on a subjectÕs capacity to redirect visual attention (e.g. Phillips & David, 1994) , a function strongly associated with an intact right hemisphere (e.g. Posner, 1995) . This bias is expressed via the speed of the first saccade: for example, in attention shifts requiring visual search displays subjects show left/right direction-related differences of their first saccade latencies, with leftward saccades being initiated faster than rightward saccades (Harvey, Olk, Muir, & Gilchrist, 2002) .
The factor related to stimulus type can best be exemplified with reference to faces, an example of a very common stimulus with a dominant role in visual processing and recognition (see Haxby, Hoffman, & Gobbini, 2002 for a recent review), perhaps even to the extent that dedicated cortical networks exist to process them (e.g. Kanwisher, Stanley, & Harris, 1999; McCarthy, Puce, Gore, & Allison, 1997 ; but see Gauthier, Behrmann, & Tarr, 1999) . Foveal processing, the goal of saccades, has been suggested to be more important for the processing of faces than other stimulus categories (Levy, Hasson, Avidan, Hendler, & Malach, 2001 ). The factor related to stimulus type results from the lateralisation of face processing: the right hemisphere plays a larger rô le than the left hemisphere. Functional magnetic resonance imaging (fMRI) studies point towards increased activity in the right inferior occipitotemporal cortex in response to faces (e.g. Clark et al., 1996) , and patients with right hemisphere lesions in this region are more likely to show the symptoms of prosopagnosia, the inability to recognise faces (e.g. De Renzi, 1986; Landis, Cummings, Christen, Bogen, & Imhof, 1986) . Behavioural measures also indicate a clear right hemisphere (and thus left visual hemifield) advantage for face processing (David, 1989; Rhodes, 1985a Rhodes, , 1985b . From these data, it seems reasonable to hypothesise that the initial saccade for face processing will show a strong leftward bias in comparison with other stimulus types if internally driven factors dominate this behaviour. Indeed, there are reports of a robust leftward bias for the first saccade while viewing faces (Gallois et al., 1989; Phillips & David, 1997) , but not while viewing less familiar mirror-symmetric objects such as vases (Mertens, Siegmund, & Gruesser, 1993) . However, these studies concentrated only on group data to separate normal from pathological behaviour: for example Phillips and David (1997) described leftward biases for the first saccade in healthy volunteers but rightward biases in patients with psychosis. To further our understanding of the balance of external and internal factors influencing scan path patterns, it seems prudent to look at individual behaviour as well as group data.
General methods

Subjects
Thirty seven right-handed volunteers (19 females, 18 males), aged between 18 and 46 years (mean age 27.8 ± 7.8 SD), participated in Experiment 1 in Geneva. Forty right-handed volunteers (18 females, 22 males), aged between 20 and 54 (mean age 23.9 ± 6.6 SD), participated in Experiment 2 in Bristol. Right-handedness was determined by the 10-item Edinburgh handedness inventory (Oldfield, 1971) : each right-hand preference was given a score of ''1'', each either-hand preference ''0.5'', and each left-hand preference ''0''. We calculated the mean of the sum of these scores, and defined as right-handed those participants who scored P 0.75. All subjects had normal or corrected-to-normal eyesight; 45 showed right and 32 left eye dominance as determined with the ''hole in the card'' test. Volunteers gave their informed written consent in accordance with the Declaration of Helsinki, and the experiments were approved by the Ethical Committees of the University Hospitals Geneva and of the Department of Experimental Psychology, University of Bristol.
Experimental procedure
Subjects were asked to look at a series of images, presented on a CRT for 5 s per image, in any manner they chose. Before the experiment began, they were informed that they would have to answer some questions about the images later (e.g. whether an image had been presented twice). To ensure that they had the same scan starting point at image onset, subjects fixated a central, marked point between each image presentation. Each 5 s image presentation was followed by one second of empty screen before the appearance of the next central fixation circle.
Two-dimensional eye movements of both eyes were measured with the Eyelink I (Experiment 1-Geneva) or Eyelink II (Experiment 2-Bristol) (SR Research Ltd.). Each experimental session was preceded by a nine-point grid calibration and validation. Between trials, the fixation circle reappeared to correct for drift due to head movements. Eye movements were recorded at a sampling rate of 250 Hz and a spatial resolution typically less than 0.3°of visual angle.
Data analysis
Only data from each subjectÕs dominant eye were analysed, which corresponded for most subjects to the eye with the best spatial eye movement measurement accuracy. The eye-position data were analysed off-line by an automatic saccade detection procedure. Saccade onset was defined as a change in eye position with a minimum velocity of 30°/s or minimal acceleration threshold of 8000°/s 2 and a fixation began after the velocity fell below this value for five successive samples. Saccades were considered to be in the direction of the left or right visual hemifield (LVF, RVF) when their amplitude in that direction was larger than 0.5°. Trials were rejected if the initial fixation location at the start of the trials was not within 0.5°of the centre of the fixation point. This criterion was imposed to ensure that off-centre fixation did not in itself bias saccades to the left or right hemifield. In addition, trials with initial fixation durations of less than 90 ms were excluded.
3. Experiment 1: initial saccades to stimuli of differing ecological importance
Methods
Three sets of images were presented in pseudo-random order: 20 neutral grey-scale faces (10 male and 10 female faces) taken from the set of Natale, Gur, and Gur (1983) ; 20 coloured images of landscapes; and 20 coloured images of fractals (both sets taken from Parkhurst et al., 2002) . Fig. 1 shows examples of the three image types tested: (A) human faces with neutral expressions, (B) landscapes, and (C) fractals.
To assess the extent to which subjectsÕ initial saccades were pre-programmed towards the left or right visual field (LVF or RVF), a lateralisation index, I, of the direction of the first saccade per image type was calculated for each subject as I = (R À L)/(R + L), where R is the number of rightward initial saccades, and L the number of leftward initial saccades.
Results
During face exploration (Fig. 1A) , most subjects had clear preferences towards one or the other hemifield for the direction of their initial saccade, with about 60% of the subjects showing a leftward bias, the other 40% a rightward bias. Beside this bimodal distribution, a general leftward bias for the entire group can be seen in line with earlier findings (Gallois et al., 1989; Mertens et al., 1993; Phillips & David, 1997) . In contrast to a bimodal distribution for face exploration, no clear direction preference was observed for the exploration of landscapes (Fig. 1B) or fractals (Fig. 1C) .
To confirm these observations statistically, absolute lateralisation indices were compared for the three stimulus types. A Friedman ANOVA revealed a significant effect of stimulus type (Chi Square (N = 37, df = 2) = 20.1; p < 0.0001). Post-hoc analyses (Siegel & Castellan, 1988 ) based on Sum of Ranks and an alpha <0.05 showed that these effects were due to significantly higher lateralisation indices for faces than for landscapes or fractals. No significant lateralisation index difference was found between fractals and landscapes.
Discussion
Analysis of the direction of the first saccade suggests that subjects relied on an automatic, internally driven initiation of the saccadic exploration of faces: there was a strong tendency to make the first saccade in the same direction when presented with such stimuli. In contrast, for stimulus types such as fractals and landscapes, the initiation of the exploration pattern appeared to be more externally driven and less automatic, with no systematic direction observed for the first saccade.
Might this lateralisation bias for the direction of the initial saccade during face exploration depend on a daily chosen strategy of the subjects, or could it have more Ôhard-wiredÕ origins? Ten of the 37 subjects were randomly chosen for retesting with new series of fractals and faces one week after the original testing. SubjectsÕ direction biases for the first saccades in face exploration showed little variability between test runs, thus revealing excellent test-retest reliability. This was confirmed statistically by highly significant Spearman rank order correlations (R = 0.97; p < 0.0001). Test-retest reliability for fractals was less pronounced, though still significant (R = 0.78; p < 0.01). These data suggest that the individual direction bias for the first saccade during face exploration is indeed hard-wired.
Our expectation was that face exploration would be subject to a leftward bias. Even though this held true for the group when calculating the bias over all subjects (median lateralisation index = À0.4), a substantial minority of our subjects showed a strong direction bias towards the right (9 out of 37 subjects had a lateralisation index greater than +0.6). If the basic assumption holds that it is lateralised cortical processing that determines the direction of the first saccade, then we would have to assume that these subjects might not show the expected right hemisphere dominance for face processing either. Indeed, evidence exists that bilateral cortical activation to faces occurs in most subjects (for review see Haxby et al., 2002) . However it is not yet known whether there exists a correlation between lateralised activity of the core system for face processing (i.e. the fusiform face area) and the saccade lateralisation bias.
Experiment 2: is the idiosyncratic lateralisation effect face-specific?
One possible confound within Experiment 1 is the essentially mirror-symmetric appearance of human faces; perhaps it is this feature which facilitates the use of pre-programmed direction onsets for scan paths. In other words, it could simply be the symmetry of the image which provokes a lateralisation bias. This seems unlikely given results from Mertens et al. (1993) who found left-right asymmetries for initial saccades in faces but not vases. Other factors which were not controlled for in experiment 1 were differences in image size between faces and landscapes/fractals and the presence or absence of colour in the different categories of image. A classic control for an face stimuli are inverted faces On the abscissa, the lateralisation index I (see text for details) is plotted, with negative numbers indicating a preference towards the left visual field (L), and positive numbers indicating a preference towards the right visual field (R). On the ordinate, the number of subjects (out of a total of 37 subjects) with a given value of I is plotted. The three sets of images were presented in pseudo-random order: 20 grey-scale face images, neutral in their emotional expression (10 male and 10 female faces), 20 landscapes and 20 fractals.
(for a review see Valentine, 1988) , and the use of such control stimuli eliminates the problem mentioned above. We therefore recruited 40 new naïve observers for a second experiment.
Methods
The methods were identical to those reported for Experiment 1 (see Section 3.1), except that in addition to the original landscapes and fractals, 60 neutral faces (Natale et al., 1983) were presented, of which 30 were inverted. As before, a lateralisation index was calculated for each subject.
Results
Upright faces ( Fig. 2A) provoked stronger lateralisation biases than inverted faces (Fig. 2B) , landscapes (Fig. 2C), or fractals (Fig. 2D) for the direction of the first saccade. This lateralisation difference between upright faces and the three other types of stimuli was statistically confirmed: as in Experiment 1, a Friedman ANOVA revealed a significant effect of stimulus type (Chi Square (N = 40, df = 3) = 37.47; p < 0.0001). Posthoc analyses (Siegel & Castellan, 1988 ) based on Sum of Ranks and an alpha < 0.05 showed that these effects were due to significantly higher lateralisation indices for faces than for landscapes, fractals, or inverted faces. Inverted faces and fractals significantly differed from landscapes, but did not significantly differ from each other. This might explain why in Fig. 2 it seems as if inverted faces and fractals elicit stronger biases (especially to the left) than landscapes.
Discussion
The data imply that the results from Experiment 1 did not arise as a consequence of the symmetric appearance of upright face stimuli, nor because of their size or colour content: control stimuli with the same symmetry, size and colour (inverted faces) elicited far less systematic directional responses. Rather, it seems that socially relevant stimuli (i.e. upright faces) are explored in an internally driven, more automatic way than other types of visual stimuli.
Analysis of latencies
Does this internally driven, pre-processed exploration pattern lead to higher effectiveness of saccadic control? If so, saccade latencies should be faster for saccades to the preferred, and therefore more trained, direction than to the less common, non-preferred direction. Indeed, studies investigating oculomotor sequence learning have shown that saccade latencies for highly trained sequences of saccades are shorter than those for less trained sequences (Grosbras et al., 2001; Petit et al., 1996) .
Face data from the 37 subjects of Experiment 1 (n = 37) were analysed to test for this possibility. As predicted by earlier oculomotor learning studies, those subjects with leftward lateralisation bias showed shorter saccade latencies for initial saccades into the left visual field (LVF) than for those into the right visual field (RVF) (Fig. 3A, filled circles) . However, subjects with rightward bias for the initial saccade showed no On the abscissa, the lateralisation index I is plotted, with negative numbers indicating a preference towards the left visual field (L), and positive numbers indicating a preferences towards the right visual field (R). On the ordinate, the number of subjects (out of a total of 40 subjects) with a given value of I is plotted. differences in the latencies for saccades to the LVF or RVF (Fig. 3A open circles) . Moreover, their initial saccade latencies were as fast as those for the preferred direction in subjects with leftward lateralisation bias, as if subjects with rightward bias showed efficiency to the RVF in addition to an equivalent factor (e.g. attention) decreasing saccadic latencies to the LVF. A 2 (group) · 2 (visual hemifield) ANOVA with repeated measures of saccade latencies revealed no main effects of hemifield or group, but a significant interaction between them (F(1, 30) = 5.16; p < 0.05). Post-hoc analysis showed that this interaction was due to significantly longer saccade latencies to the RVF for the group with leftward lateralisation bias (LSD p < 0.005).
Thus it seems that efficiency is one of the factors influencing the latency of saccades in the preferred (compared to the non-preferred) direction. However, it does not seem to be the only factor. What else could have influenced subjectsÕ saccade latencies? Differences in saccade latencies to the right or left visual field occur in saccadic paradigms requiring attention. In attention shifts requiring visual search displays, subjects show left/right direction-related differences of their first saccade with leftward saccades being initiated faster than rightward saccades (Harvey et al., 2002) . One might therefore speculate that rare saccades to the left in subjects with rightward saccade direction preference are more attention-driven, cancelling the internally driven automatic advantage to the right in these subjects.
Might a within-subjects comparison of latency patterns for faces with those for inverted faces clarify matters? Latencies for faces (Experiment 2, Fig. 3B ) revealed similar latency patterns to the ones observed in experiment 1 (Fig. 3A) , independent of whether subjects had a leftward bias or a rightward bias. Latencies for inverted faces (Experiment 2, Fig. 3C ), however, did not show any bias-dependant modulation of saccade latency. A 2 (group) · 2 (image type) · 2 (visual hemifield) ANOVA with repeated measures of saccade latencies revealed no main effects of hemifield or group, but a significant main effect of image type (F(1, 28) = 5.44; p < 0.05). Post-hoc analysis showed that this main effect was due to significantly longer saccade latencies for inverted faces (mean = 339 ms) than for faces (mean = 324 ms) (LSD p < 0.017), supporting the idea of increased efficiency for upright face processing in general. No significant interactions between the different variables were found. However, while hypothesis-driven post-hoc analysis for upright faces confirmed significantly longer saccade latencies to the RVF for the group with leftward lateralisation bias (LSD p < 0.02), latencies in this condition were the only ones that did not differ significantly from the ones for inverted faces. Even though such post-hoc analysis should be seen as indicating trends only, it provides further evidence for the hypothesis that efficiency underpins latency improvement for the preferred saccade direction in face processing. Whether it is attention that speeds up Filled circles, subjects with leftward bias (n = 13). Open circles, subjects with rightward bias (n = 12). Subjects with a lateralisation index of À1 or +1 were excluded from this analysis (n = 12). (B) and (C) Group means (±1 SEM) of median saccade latencies for initial saccades into the left or right visual field (LVF, RVF) during (B) face perception and (C) inverted face perception (experiment 2, n = 40). Filled circles, subjects with leftward bias; open circles, subjects with rightward bias. For upright face perception, 11 subjects had a lateralisation bias of À1 or +1; for inverted face perception, only one subject had a lateralisation bias of À1. Their data are included in the means. saccadic latencies towards the non-preferred LVF in subjects with rightward bias for face processing remains unclear.
General discussion
Saccadic scanning of human faces shows a strong internally driven idiosyncratic direction component for the onset of the exploration pattern. This component appears to be face-specific, internally driven, and based on high familiarity with exploring face stimuli in everyday life. Exploration of less familiar stimulus categories, such as inverted faces, fractals or landscapes, does not show idiosyncratic direction biases for the initial saccade and may therefore be assumed to be driven more by external factors. Kosslyn et al. (2002) recently stressed the importance of taking inter-subject variability into account instead of restricting analysis to group data; such an approach allows a better insight into the nature of cortical processes. With respect to the data presented here, determining what induces idiosyncratic scanning behaviour in healthy subjects (see also Andrews & Coppola, 1999) could be a first step towards a better understanding of some clinical conditions (in which scanning behaviour often is altered). For example, eye movements, and more specifically visual scan paths, have been proposed as diagnostic tool in patients suffering from schizophrenia (for review see Hutton & Kennard, 1998) : it has been reported that, in contrast to a group of controls, a group of patients with schizophrenia did not show a bias towards the left hemi-face for the first saccade, but rather a preference for the right hemi-face (Phillips & David, 1997) . Given our results, it appears that even if group data clearly show leftward biases in healthy subjects, an individual-by-individual analysis can reveal that lateralisation biases towards the right hemifield during face exploration are not specific to patients.
What might determine this individual lateralisation bias? SubjectsÕ hand or eye dominances were excluded as possible determining factors: no correlation was observed between either factor and the preferred direction of face exploration onset. One might speculate that the origins lie in infancy, and are related to the preferred arm of the mother for carrying the child, the preferred breast for feeding, the maternal preferred cradling side, or even the neonatalÕs preferred head turning. Indeed, child holding and cradling are thought to have important inference on a childÕs hemispheric specialisations (e.g. Bourne & Todd, 2004; Harris, Almerigi, Carbary, & Fogel, 2001 ). Other possibilities include more intrinsic factors, such as differential dopamine activity in the two hemispheres, as have been discussed recently for other lateralisation effects in motor tasks (Mohr, Bracha, & Brugger, 2003) .
